ABSTRACT. Objective. To evaluate the clinical effectiveness of neonatal extracorporeal membrane oxygenation (ECMO), in terms of mortality and morbidity, in the treatment of cardiorespiratory failure in term infants.
The lower rate of adverse primary outcome (death or severe disability at 1 year) was found among infants allocated ECMO in all the predefined stratified analyses. Disease severity at trial entry and type of referral center did not appear to alter the effects of ECMO. Only 4 of 18 infants with congenital diaphragmatic hernia survived and at age 1 year only 1 of the 4 survivors was considered normal.
Conclusion. These results are in accord with the earlier preliminary findings that a policy of ECMO support reduces the risk of death without a concomitant rise in severe disability. However, 1 in 4 survivors had evidence of impairment with or without disability. Further follow-up is planned at the age of 4 and 7 years. Pediatrics 1998;101(4). URL: http://www.pediatrics.org/cgi/content/ full/101/4/e1; extracorporeal membrane oxygenation, mortality, morbidity, neonate.
ABBREVIATIONS. ECMO, extracorporeal membrane oxygenation; RR, relative risk; CI, confidence interval; CT, conventional treatment; DQ, developmental quotient. P reliminary results of the UK collaborative randomized trial of neonatal extracorporeal membrane oxygenation (ECMO) were published in July 1996. 1 The trial was mounted in response to considerable uncertainty about the clinical and cost effectiveness of neonatal ECMO in the treatment of mature newborn infants with potentially reversible severe cardiorespiratory failure. Recruitment was started in 1993 and infants were randomized to one of two policies: 1) to be transferred to one of five ECMO centers in the UK for consideration of ECMO support, or 2) to continue conventional treatment in a neonatal intensive care unit.
The principal endpoint was defined as death or severe disability at the age of 1 year because there was a concern that ECMO might reduce mortality at the expense of severe disability among survivors. This might occur for three reasons. First, infants who are considered for ECMO have often had episodes of severe hypoxia and cardiac compromise as a result of their cardiorespiratory problems. Second, ECMO involves placing cannulae in the internal carotid artery and/or internal jugular vein, with possible impairment of cerebral perfusion. Third, ECMO requires that the infant is heparinized with the associated risk of hemorrhage.
Recruitment to the trial was stopped in November 1995 after 185 infants had been recruited. It had became clear that sufficient data were available from the 1-year follow-up to be sure that any differences in severe disability would not be large enough to counterbalance the differences in death rates between the two groups: the relative risk (RR) of death in the ECMO group compared with the conventionally treated group was 0.55 (95% confidence interval [CI] 0.39 to 0.77). Based on information about those infants recruited at least a year earlier, that is, in 1993 and 1994, the RR for the principal outcome (death or severe disability) was 0.54 (95% CI, 0.36 -0.80). This conclusion was provisional as, at that time, the 1-year outcome was not ascertainable for all infants recruited. We report here the full results of the UK ECMO trial with details of later deaths and the status of all survivors at the age of 1 year.
METHODS
The full details of the trial organization and treatment schedules have been reported previously.
1 In summary, the criteria for trial entry were: severe respiratory failure (defined as an oxygenation index of Ͼ40 or arterial partial pressure of carbon dioxide [Paco 2 ] Ͼ12 kPa for at least 3 hours); gestational age at birth of 35 completed weeks or more and a birth weight of 2 kg or more; Ͻ10 days of high-pressure ventilation; an age of Ͻ28 days; and no contraindication to ECMO support such as previous cardiac arrest or severe intraventricular hemorrhage. When parental consent was obtained, infants were randomly allocated ECMO or conventional treatment using a computerized minimization algorithm to ensure balance on the following prognostic variables: primary diagnosis; disease severity; referral center; and the ECMO center where a cot had been reserved.
The majority of infants allocated to ECMO were transported by road ambulance, fixed wing aircraft, or helicopter to an ECMO center, usually by a team from that center. ECMO was started as soon as possible after arrival unless a major deterioration or improvement in the infant's condition or detection of a cardiac anomaly made ECMO support inappropriate. Vascular cannulation was either veno-arterial via the right internal carotid artery and the right internal jugular vein, or veno-veno (right internal jugular). Subsequent treatment followed an agreed protocol. Cannulated vessels were repaired where possible when ECMO support was discontinued. Infants who survived were usually transferred back to the hospital from which they were originally referred after completion of the ECMO run.
Infants allocated to conventional treatment (CT) were treated in the referring hospital. Treatment guidelines recommended liberal use of oxygen, adequate ventilation, correction of acidosis, maintenance of adequate blood pressure, paralysis, and use of available pulmonary vasodilators, including nitric oxide. Use of highfrequency ventilation and surfactant was left to the clinicians' discretion.
Permission to carry out a postmortem examination was requested from parents of infants who died. When possible, a more detailed examination of lung tissue, cardiac muscle, and brain was performed, and these findings will be reported separately.
Follow-up Procedure
The parents of all infants who survived to discharge were contacted by the trial coordinator just before their infant's discharge to explain the follow-up procedure in the first year. Families were contacted again by telephone when the infant reached the ages of 4 months, 8 months, and 11 months. Before each phone call, the child's health visitor (a community-based nurse with particular responsibility for preschool children) was asked if such a contact was appropriate. Families without a telephone were given a phone card and reminded by letter to contact the coordinating office at the appropriate times.
At each telephone contact, the parent was asked about the infant's overall health and their use of health services since the previous contact. At 11 months, arrangements were made for a pediatrician to visit the home to carry out a neurodevelopmental assessment of the child. This assessment consisted of a neurologic examination, developmental assessment using the Griffiths Mental Development Scale, 2 measurement of weight and head circumference, assessment of vision and hearing, and questions about seizures, respiratory symptoms, readmission to hospital, and health service use including referral to specialists. Each assessment was performed by one of three developmental pediatricians following standardized procedures agreed on beforehand. Usually they traveled to the homes of the infants although if the infant had not been discharged home by the age of 1 year, the assessment was performed in the hospital. The pediatricians were not aware of the trial allocation or the infant's neonatal course. Before the assessment, parents were given a high-necked tunic for the infant to wear during the examination so that any scars on the neck at the site of cannulation were hidden from the examiner. After the assessment, the results were sent to the infant's general practitioner, the health visitor, and local pediatrician, with a copy to the parents if requested. If the infant had been seen for a suspected vision or hearing problem in a specialist clinic, the results of these examinations were requested.
After the neurodevelopmental assessment and if parents agreed, arrangements were made for the infant to have respiratory function tests in one of two centers. These findings are reported elsewhere. 3 Finally, to facilitate further follow-up, all infants were flagged on the NHS Central Register (which will allow their family doctor to be identified later), and parents were asked to let the trial office know about any change of address.
Economic Evaluation
The economic evaluation, carried out alongside the trial, was an integral feature of the trial design. Its objective was to assess the cost effectiveness of ECMO compared with conventional treatment; that is the additional cost, if any, of achieving any observed benefit. The methods used have already been published. 4 The full results of the economic evaluation will be reported elsewhere.
Definitions of Outcomes
The principal endpoint was death before, or severe disability at, the age of 1 year. Severe disability was defined as an overall developmental quotient (DQ) of Ͻ50 on the Griffiths Mental Developmental Scales, or blindness or a level of function so as to make assessment using the Griffiths Scales impossible. The remaining infants were categorized into three groups: a) Impairment with disability not classified as severe-this included infants with abnormal motor function, for example those with asymmetry of limb use or motor DQ Ͻ70, infants with global delay (DQ 50 -69), those on regular anticonvulsants, or those requiring tubefeeding or oxygen at the age of 1 year: b) Impairment without disability-this included infants with abnormalities of tone or posture but no evidence of functional loss at this age: and c) Normal-no evidence of impairment or disability.
Statistical Analysis
The analyses are based on the groups as randomized, with secondary analysis stratified by the factors used for minimization at trial entry. Differences between groups are presented as RRs with 95% CIs. Percentages for the outcomes assessed at 1 year in the randomized groups are based either on those seen at 1 year, or on all those randomized depending on which was most appropriate.
RESULTS
A total of 185 infants were recruited into the trial, 93 were allocated to ECMO, and 92 were allocated to conventional treatment. As shown in Fig 1, 82 infants died before discharge from hospital, 2 more died between discharge and the age of 1 year, and 2 infants were lost to follow-up. A total of 99 infants were assessed at the age of 1 year.
Description and Comparability of Trial Groups
Overall 19% (35/185) of trial infants had a congenital diaphragmatic hernia, 37% (69/185) had meconium aspiration, two fifths had severe lung disease as indicated by an oxygenation index of 60 or more, and 78% of infants were recruited before the age of 48 hours. The trial groups as randomized were wellmatched in respect of known prognostic variables ( Table 1) .
The characteristics at the time of trial entry of those infants who were assessed at the age of 1 year, also shown in Table 1 , reflected differences in the chances of survival associated with the descriptive variables. In particular, only 4 of the 35 infants with congenital diaphragmatic hernia survived to the age of 1 year. Differences between trial groups at this time were caused by the increased survival associated with ECMO support.
Treatment Between Trial Entry and Discharge Home
Of 93 infants allocated ECMO, 78 actually received ECMO support. The reasons for not giving ECMO are shown in Table 2 . Five infants died before transfer from the referring hospital to an ECMO center; none died during transportation. One infant allocated to conventional care had ECMO. The larger number of early deaths in the conventional treatment group resulted in a higher median number of days on a ventilator and days in the hospital in the all randomized ECMO group. Among survivors, however, the median number of days on a ventilator in high oxygen, and median duration of hospital stay were lower in the ECMO arm.
Deaths
Of eighty-four infants who were known to have died, 30 were in the ECMO arm of the trial and 54 in the conventional arm (RR, 0.55; 95% CI, 0.39 -0.77; P ϭ .0005). Forty-nine (58%) died in the first 7 days after birth and 82 (98%) before hospital discharge. The two deaths after discharge were among infants allocated to ECMO. Information on cause of death from postmortem examination was available for 22 of the 30 (73%) infants who died in the ECMO arm and 34 of the 54 (63%) infants in the conventional treatment arm. There were fewer deaths in the ECMO group and this pattern was seen in most subgroups. It was most marked among infants with congenital diaphragmatic hernia, meconium aspiration (particularly those with severe lung disease but no clear evidence of other organ damage), and among those with idiopathic respiratory distress syndrome (Table 3) . 
Status of All Survivors at Age 1 Year
There were 101 survivors: 63 in the ECMO group and 38 in the conventional group. Two infants were lost to follow-up. The parents of 1 infant allocated to ECMO refused follow-up but the infant was considered normal when seen in a pediatric clinic at the age of 16 months. The second, allocated conventional treatment, returned to Bangladesh at the age of 8 months. He was reported as well by his father when telephone contact was made at the age of 4 months. At the age of 1 year, 2 infants were still in the hospital, 1 in each trial group. Both were fully assessed.
A higher proportion of survivors in the conventional managment arm showed signs of respiratory morbidity (Table 4) , although only the use of bronchodilators reached statistical significance (P ϭ .02). Of the 11 infants who were discharged from hospital on supplementary oxygen, 5 (3 in the ECMO arm) still required oxygen for at least part of each 24 hours at 1 year of age. Both infants still in the hospital at this age (1 in each trial group) were being partially or totally fed by nasogastric tube, as well as 2 more at home in the ECMO arm of the trial. The weight of 12 of the children (2 with congenital diaphragmatic hernia) was below the third centile. One infant in the ECMO arm had low vision associated with cerebral palsy, although there was also evidence of partial albinism. Another infant, also in the ECMO arm, had bilateral sensorineural deafness with hearing aids. There was uncertainty about hearing for a quarter of all infants seen. Two infants (both in the ECMO arm) were on regular anticonvulsants. Fifteen infants had evidence of tone change in the limbs, 10/62 (16%) in the ECMO arm and 5/37 (13.5%) in the conventional treatment group. There were more infants with neurologic signs predominantly on the left side (10/99) than on the right (5/99), but the proportion of infants with left sided signs was no greater in the ECMO group than in the conventional treatment group.
One infant in the ECMO group was considered too disabled to test using the Griffiths Mental Development Scales. He had spastic quadraparesis, low vision, seizures, and developmental delay. One infant in the conventional treatment group had global delay and an overall Griffiths DQ of 47. Two children had a DQ between 50 and 69. One (in the conventional arm) was still in the hospital and was oxygen-dependent with chronic lung disease and a gastrostomy. The second, in the ECMO arm, had hypopituitarism and lung hypoplasia; he was oxygen-dependent, required tube-feeding and was globally delayed. Overall, 92% of the surviving infants had an overall Griffiths DQ of 85 or more.
Overall Status at the Age of 1 Year
Using all the information available, all the infants were categorized as shown in Table 5 . Details of the 17 infants in the ECMO arm and 10 infants in the http://www.pediatrics.org/cgi/content/full/101/4/e1conventional treatment group who were not classified as normal at the age of 1 year are in the Appendix. The principal outcome was death or severe disability at the age of 1 year. The known rate of this adverse outcome in the ECMO arm was 31/93 (33%), and in 55/92 (60%) in the conventionally managed arm (RR, 0.56; 95% CI, 0.40 -0.78; P ϭ .0005). The lower rate of adverse primary outcome was found among infants allocated ECMO in all the predefined stratified analyses. The benefit of ECMO is most clearly seen among those with respiratory failure other than that caused by diaphragmatic hernia. Only 4 children with diaphragmatic hernia survived (all in the ECMO group) and at the age of 1 year, 3 had evidence of impairment with disability, and only 1 infant was considered normal. Disease severity at trial entry and type of referral center did not appear to alter the effects of ECMO, although numbers are small (Table 6) .
DISCUSSION
This is the only report of a randomized controlled trial of an ECMO policy that has published details of a longer-term follow-up. The full results are in accord with those we reported in 1996, and with a 2-year follow-up from another trial that has been reported in abstract only. 5 A policy of ECMO support reduces the risk of mortality without a major concomitant rise in severe disability by about 45% (95% CI, 60%-22%), regardless of the severity of the infant's condition.
Just under half of all infants randomly allocated ECMO and two thirds of all survivors were considered normal at 1 year of age. Morbidity was most evident in the respiratory and neurologic systems. Further information about lung function will be available from the respiratory follow-up study, but the small number of infants who still needed oxygen at home at the age of 1 year clearly had overt evidence of severe persisting lung damage. The trend toward a higher proportion of surviving infants in the conventional treatment arm having a tendency to wheeze and more frequent respiratory infections might suggest that continued ventilation at high pressure with high concentrations of oxygen contribute to respiratory morbidity at the end of the first year. Whether these symptoms persist into childhood and their relationship with the results of later lung function tests will be known after the planned assessment at the age of 7 years.
In terms of neurologic function, one of the concerns was the possibility of long-term adverse effects of cannulation and subsequent ligation or repair of major vessels in the right side of the neck. 6 There is conflicting evidence about the frequency of lateralized cerebral lesions among infants who have had ECMO. [7] [8] [9] In this trial, the number of infants with left-sided signs in the ECMO group was not significantly larger than in the conventional arm, although numbers are small.
A further concern has been the risk of intracranial hemorrhage secondary to heparinization and circulatory disruption among infants who have ECMO. Infants with severe hemorrhagic or ischemic lesions on cranial ultrasound were ineligible for trial entry, but 38 infants (27 in the ECMO arm and 11 in the conventionally managed group) showed lesions on cranial ultrasound after trial entry. This difference may reflect the early death of a number of infants in the conventional arm, before there was an opportunity for further investigation. Almost half of the infants who developed ultrasound lesions after trial entry died, (11 of 27 of the ECMO infants and 5 of the 11 conventional treatment group). Six of the 16 ECMO survivors and 1 of the 6 conventional treatment survivors with ultrasound lesions had evidence of impairment at the age of 1 year. Sensorineural hearing loss, especially high-frequency loss has been reported in association with both persistent pulmonary hypertension and after ECMO therapy. 10, 11 Many of the survivors in this trial had only a distraction test to identify hearing loss, and the degree of uncertainty about hearing status in nearly a quarter of the infants tested, probably reflects the limitation of this type of assessment. Audiometry is planned for all children at the age of 4 years.
A number of the children had tone changes and asymmetry, some with mild motor delay. Although many of these infants appear to be functionally normal at the age of 1 year, it is possible that these signs are markers of later cognitive and learning disorders as have been descibed previously. 8 The planned follow-up at the age of 7 years will include an assessment of both cognitive function and school performance, together with testing for right hemisphere deficit syndrome. 12 The infants were very ill when recruited into the trial. It is not known if the morbidity among survivors would have been altered if ECMO had been offered at an earlier stage, that is before the oxygenation index reached 40. It is also possible that other therapies such as inhaled nitric oxide and oscillation ventilation introduced early might alter outcome or the need for ECMO. Such approaches to treatment are yet to be fully evaluated.
The extent to which respiratory or neurologic morbidity among these very sick infants reflects the underlying condition or the treatment offered has been a source of debate. 13, 14 Comparisons of outcome between nonrandomized groups of infants are difficult to interpret. 15, 16 In this trial, however, randomized groups were comparable at trial entry, and it is possible to gain some unique insights into the relationship of preexisting condition, treatment, and outcome. Both modes of treatment carry risks as well as benefits. Although there were more survivors with disability not classified as severe in the ECMO group, this appeared to reflect the increased survival in this group, rather than any specific adverse effect of ECMO. A summary of these results has been sent to parents who wished to receive them. A qualitative study is ascertaining their views about these and other aspects of the trial. 17 With the exception of diaphragmatic hernia where doubt still remains, the clinical effectiveness of ECMO for neonates who meet the trial criteria is now proven. The use of ECMO outside this group will be a matter of judgement. ECMO use among older children and adults is increasing, and there have been no rigorous evaluations of the type reported here among these sorts of patients. In respect of neonates, there is an argument for transporting infants to an ECMO center before their condition becomes critical. It is not clear, however, whether the extra costs in the short-term would be offset by later benefits.
The results of the economic evaluation, carried out alongside the trial, based on the principal endpoint of death or severe disability at age 1, found the additional cost of ECMO per additional survivor to be within the range of other life-extending technologies such as renal transplantation 18 . The potential long-term economic implications for the health, educational, and social services and the families are being addressed alongside the 4-and 7-year follow-up studies. The economic justification for introducing ECMO in any particular setting, however, depends not only on effectiveness but also issues of access and likely workload. These issues will be discussed in more detail elsewhere.
Because ECMO was introduced into the UK relatively late in comparison to North America, this situation did provide an opportunity to evaluate a new technology when it was relatively mature. Although there was uncertainty among British pediatricians about its value, there was voluntary agreement to limit its use amongst neonates across the UK solely to the trial. This undoubtedly contributed significantly to the success of the trial and allowed evaluation of ECMO, both in terms of its clinical effectiveness and its cost effectiveness, before it became widely adopted. Although controversial, we think it is a model that should be considered for the evaluation of new health technologies more generally. 
